Introduction
Epidemiological and carcinogenesis studies have shown that exposure to nitro-polycyclic aromatic hydrocarbons (nitroPAHs) may lead to cancer (1) . 1-Nitropyrene (1-NP) and 3-nitrofluoranthene (3-NF) are two of the most abundant nitroPAHs emitted into air primarily due to incomplete combustion of organic material (1) . It is well known that these nitro-PAHs are metabolically activated to mutagenic/carcinogenic compounds; however, less is known about their effect on cellular signalling and toxicity (1, 2) . Recently, we have initially characterized such effects of 1-NP (3,4) and 3-NF (5) in the hepatoma cell line, Hepa1c1c7.
Aryl nitrenium ions generated by nitroreduction or K-region nitropyrene epoxides generated by ring oxidation can react with DNA and form adducts (6, 7) . N-(deoxyguanosin-8-yl)-1-aminopyrene is reported to be the major adduct formed after 1-NP injection or instillation in in vivo studies (8) . The major adduct formed in vitro from 3-NF in the presence of xanthine oxidase is N-(deoxyguanosin-8-yl)-3-AF (9) . Furthermore, reactive oxygen species (ROS) as well as reactive nitrogen species (RNS) generated from interaction with metabolic enzymes may also participate in the cellular response to nitro-PAHs (10) .
DNA damage response mechanisms are important for the maintenance of genomic integrity. Various sensors and effectors of checkpoint systems including ataxia telangiectasia mutated (ATM)-checkpoint kinase (CHK) 2 and ATM-and Rad3-related (ATR)-CHK1 signalling pathways are involved. By activating cell cycle checkpoints, these pathways provide extended time for DNA repair enzymes to complete repair before entering the critical S-phase and mitosis. An additional way to avoid mutation is to activate cell death processes. Such responses have been suggested to be essential for the maintenance of genomic stability and prevention of tumour development, (11, 12) , although cell death and compensatory cell proliferation are also well-accepted parts of cancer formation.
Cell death is traditionally classified into apoptosis or necrosis. Apoptosis is an active process usually executed by caspases and often morphologically characterized by cell shrinkage, nuclear and cytoplasmic condensation, DNA fragmentation and formation of apoptotic bodies (13, 14) . In contrast, necrosis is often considered passive, exhibits gross morphological and ultrastructural features such as extensive cellular and organelle swelling and an early disruption of cellular plasma membrane (15, 16) . Increasing number of reports indicate that programmed cell death (PCD) can occur independent of caspases (15, 17) . These alternative models include autophagy, paraptosis and necroptosis (12, 15, (17) (18) (19) (20) (21) . Intracellular accumulation of lipids has also been reported to have a role in PCD and has been suggested to be a variant of apoptosis, dubbed lipoptosis (22) . Besides caspase independence, paraptosis is characterized by massive cellular vacuolization, involving mitochondria and endoplasmic reticulum (ER), the activation of various mitogen-activated protein kinases and a possible role of the big potassium channel (BKC) (20, 23) . The other caspase-independent PCD tentatively called necroptosis shares morphological and biochemical features of both apoptosis and necrosis. It is characterized by partial chromatin condensation and early plasma membrane damage and reported to be distinguished by its selective inhibition by necrostatin-1 (Nec-1) via receptor interacting protein (RIP-1) (18, 24 One of the most often used biochemical features of apoptosis is the extensive degradation of genomic DNA into oligonucleosomes caused by the endonuclease, caspase-activated DNase (CAD) (25) . In caspase-independent PCDs, leucocyte elastase inhibitor-derived DNaseII (LEI/L-DNaseII), apoptosisinducing factor (AIF) and endonuclease G (EndoG) have all been suggested to be of more importance (25, 26) .
We recently reported that 1-NP caused apoptotic cell death and a PCD with some paraptotic characteristics (4), whereas 3-NF caused apoptosis and a PCD with necroptotic features (5) . In the present study, AIF, LEI/L-DNaseII and EndoG seem to be more involved in 3-NF-induced cell death than the one caused by 1-NP. Both compounds caused DNA damage which triggered phosphorylation of CHK1 and H2AX. The p53 inhibitor, pifithrin-a (PFT-a), inhibited cell death, suggesting a role of this DNA damage response in the death process. 1-NP-induced cell death was in addition characterized by oxidative damage, ionic imbalance and damage to the ER.
Materials and methods
Chemicals and cell culture media 1-NP, benzo[a]pyrene, Triton X-100, protease (type 1, crude P-4630), N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid, epidermal growth factor, Ponceau S, dimethyl sulphoxide (DMSO), propidium iodide (PI), Nonidet P-40, RNase A (R5000), phenylmethylsulfonyl fluoride, Hoechst 33258, Hoechst 33342, aprotinin, proteinase
, Sudan III and sodium selenite were obtained from Sigma-Aldrich Chemical Co. (St Louis, MO). 3-NF was obtained from Chiron AS (Trondheim, Norway). Pepstatin A and PFT-a were obtained from Calbiochem (La Jolla, CA). Bio-Rad DC protein assay was from Bio-Rad Laboratories Inc. (Hercules, CA). Minimum Essential Medium (MEM)a medium with L-glutamine, without ribonucleosides and deoxyribonucleosides, foetal bovine serum (FBS) and gentamycin were from Gibco BRL (Paisley, UK). All other chemicals were purchased from commercial sources and were of analytical grade.
Antibodies
Antibodies against AIF, EndoG, cleaved caspase-3, p-CHK1 (Ser345), p-CHK2 (Thr68) and direct-conjugated gamma-H2AX (phosphorylated H2AX)-Fluor Alexa 488 were obtained from Cell Signaling (Beverly, MA). Antibody against p-ATM (Ser1981) was obtained from R&D Systems (Minneapolis, MN). LEI/L-DNaseII antibody was a gift from Alicia Torriglia (Paris, France). As secondary antibody, horseradish peroxidase-conjugated goat anti-rabbit (Sigma-Aldrich Chemical Co.) and horseradish peroxidaseconjugated anti-goat or anti-mouse as well as fluorescein isothiocyanatelabelled anti-rabbit/goat/mouse IgG (Dako, Glostrup, Denmark) and Fluor Alexa 488 or 647 (Invitrogen, Carlsbad, CA) were applied.
Cell cultures and treatments
The mouse hepatoma cell line Hepa1c1c7 (purchased from the European Collection of Cell Culture, Salisbury, UK) was maintained in MEMa medium with L-glutamine without ribonucleosides and deoxyribonucleosides and supplemented with 10% heat-inactivated FBS and 0.1 mg/ml gentamycin in 5% CO 2 at 37°C. Cells were routinely kept in logarithmic growth phase at 1 Â 10 6 cells/75 cm 2 to 9 Â 10 6 cells/75 cm 2 flasks by splitting twice a week. Cells were seeded near confluence a day before treatment and medium refreshed before exposures. For treatment with inhibitors, cells were pre-incubated with the inhibitor for 1 h, followed by treatment with nitroarenes for the time points indicated. Pyrenes, fluoranthenes and inhibitors were dissolved in DMSO (final concentration of DMSO in cell culture was 0.5%). Appropriate controls containing the same amount of solvent were included in each experiment.
Cytotoxic determination by lactate dehydrogenase assay Hepa1c1c7 cells were exposed to 1-NP or 3-NF (10 or 30 lM) for 24 h. The supernatants and adherent cells were frozen overnight upon addition of 1% Triton X-100 at À80°C. Cytotoxicity was measured thereafter employing a colorimetric kit measuring the lactate dehydrogenase (LDH) release in supernatants according to the manufacturer's instructions (Boehringer, Mannheim, Germany).
Cell death determination by trypan blue exclusion After exposure to 1-NP or 3-NF (10 or 30 lM) for 24 h, the cells were trypsinized and the total number of trypan blue (TB)-stained cells were counted. The results are expressed as per cent of total number of trypan blue excluding cells in control.
Cell death analyses by PI/Hoechst staining Following exposure, floating and attached cells (0.5 Â 10 6 cells) were stained with PI (10 lg/ml) and Hoechst 33342 (5 lg/ml) for 30 min to determine plasma membrane damage and changes in nuclear morphology, respectively. Smears made from cells suspended in FBS were air dried quickly. Cell morphology was evaluated using a Nikon Eclipse E 400 fluorescence microscope. Cells with clearly condensed and/or fragmented nuclei (both PI-negative and PI-positive) as well as PI-negative cells with partial chromatin condensation were counted as apoptotic and determined as a fraction of the total number of cells. PI-stained cells exhibiting a rounded morphology and homogeneously stained nucleus (typical necrotic) or partially condensed chromatin with less fluorescing intensities were termed PI positive. Nonapoptotic cells, excluding PI, were considered as viable cells.
Oil Red O staining Hepa1c1c7 cells were incubated with filtered Oil Red O (ORO) solution [0.6 g/l ORO in 60% isopropanol in phosphate-buffered saline (PBS)] for 10 min and with 1 ml of Mayer's hemalum (Merck, Darmstadt, Germany) for 1 min. Cells were then washed twice in PBS, mounted with microscopy Aquatex (Merck) and observed on a ZEISS axiolab microscope. Cells containing at least 10 visible lipid vesicles were counted as ORO positive.
Lipid peroxidation
Lipid peroxidation was measured using the fluoroprobe C 11 -BODIPY 581/591 (4,4-difluoro-5-[4-phenyl-1,3-butadienyl]-4-bora-3a,4a-diaza-s-indacine-3-undecanoic acid; i). After 8-h treatment with the nitroarenes, medium was removed and cells were incubated for 1 h at 37°C in medium-diluted probe (from 2 mM stock in DMSO) at a final concentration of 10 lM. After washing in PBS, the oxidation of C 11 -BODIPY was measured by spectrofluorimetry (Spectramax Gemini, Molecular Devices, GMI Inc., MN), using two wavelengths, which allows measurement of the amount of oxidized probe (k exc 5 590, k em 5 635) and non-oxidized probe (k exc 5 485, k em 5 535). Lipid peroxidation was quantified by calculating the ratio of oxidized probe/total probe.
Comet assay
After exposure to 1-NP (10 or 30 lM) and 3-NF (3 or 6 lM) for 24 h, media were removed and cells were trypsinized and resuspended at 10 6 cells/ml in medium with 10% FBS. Samples were analysed for DNA damage using the comet assay, carried out as previously described (27) , with some modifications. In short, cells dissolved in 0.68% lysosomal membrane potential agarose were moulded onto GelBond films attached to plastic frames to facilitate subsequent treatment steps. After lysis, films were washed and then treated with a bacterial formamidopyrimidine-DNA glycosylase (fpg) enzymic extract (0.7 lg/ml) or in the same buffer but without the fpg enzymic extract (1 h, 37°C), and DNA strand breaks and alkali-labile sites were detected. After electrophoresis (0.8 V/cm, 20 min, pH 13.2) and neutralization, films were fixed in ethanol and dried. Rehydrated samples were stained with SybrGold (0.08 ll/ml in TE buffer, pH 7.4, 20 min) and scored with Perceptives Comet IV. The level of DNA damage is expressed as tail intensity, i.e. per cent fluorescence in the comet tail, relative to the total fluorescence of the comet. The comet assay system used is calibrated with X-rays at intervals; an increase of 5-7% compares to 1000 lesions per cell, induced by 1 Gy of X-rays.
Flow cytometry
Flow cytometry was used to analyse apoptosis (cleaved caspase-3) and DNA damage signalling pathways (ATM, CHK1, CHK2 and H2AX). After exposure to 1-NP (10 or 30 lM) and 3-NF (3 or 10 lM) for 24 h, floating and attached cells were fixed in 1% paraformaldehyde (PFA) in PBS 15 min on ice and postfixed in 90% ice-cold methanol for at least 2 days at À20°C. The cells were then incubated with the respective primary antibodies in 0.5% bovine serum albumin (BSA), 0.2% Triton X-100 in PBS overnight at 4°C and subsequently incubated with secondary antibody conjugated to Fluor Alexa 488/647 (Invitrogen) in the dark at room temperature for 2 h. The cells were counterstained with 10 lg/ml PI/ 100 lg/ml RNaseA in PBS at 37°C for 30 min. The cells were then analysed with a LSRII flow cytometer (BD Bioscience, San Jose, CA); 10 000 cells were acquired.
Electron microscopy
Cells were fixed by drop-wise addition of glutaraldehyde and analysed according to standard conditions. After fixation, the specimens were rinsed several times with PBS followed by post-fixation with 1% osmium tetroxide in phosphate buffer for 1 h. After further rinsing with PBS for 15 min, the tissue specimens were dehydrated through a series of graded ethyl alcohols from 70 to 100%. Cells were then embedded in DMP30 Eponate for 24 h at 60°C. Thin sections (70 nm) were collected onto cooper grids and counterstained with lead citrate before examination with a Philips transmission electron microscope.
Immunocytochemical assay
Cells were grown in six-well plates and treated as indicated. After washing with PBS, adherent cells were fixed with 4% PFA in PBS at 4°C for 30 min. For better intracellular assessment of target proteins and efficient antibody uptake, cells were permeabilized and blocked, respectively, with 0.1% Triton X-100 in 1% BSA in PBST (phosphate-buffered saline with 0.1% Tween) for 30 min. Incubations with primary (2 h, room temperature or 4°C overnight) and secondary (1 h, room temperature or 4°C overnight) antibodies ensued. A drop of mounting medium was added and a cover glass placed over before microscopic examination.
Statistical analysis
One-way analysis of variance employing the Krukal-Wallis method was used to obtain P-values to determine statistically significant differences between controls and treated sets. The Holm-Sidak method was also employed on some experimental sets where it was recommended.
Results

Cell death
In order to further characterize and directly compare the cytotoxic effects of 1-NP and 3-NF in Hepa1c1c7 cells, we investigated plasma membrane integrity by TB exclusion and LDH leakage after 24-h exposure. The concentrations 10 and 30 lM were chosen based on findings from our previous studies (4, 5) . Light microscopic counts of the cells revealed that 3-NF increased the number of TB-stained cells to $50% versus 3-5% in controls, already at a concentration of 10 lM ( Figure 1A ). In contrast, 1-NP induced an average of 30% TBpositive cells at 30 lM. Similar experiments looking at the relative release of maximum LDH activity confirmed TB exclusion results ( Figure 1B) , showing that 3-NF induced more plasma membrane damage at lower concentrations than 1-NP.
We previously observed both apoptotic and non-apoptotic PCDs in 1-NP-and 3-NF-exposed Hepa1c1c7 cultures (4, 5) . In order to further characterize the induced PCDs, we examined cleavage of caspase-3, often used as a marker for apoptosis, employing flow cytometric analyses. The data in Figure 1C show that both compounds increased the number of cells with reduced side scatter area (SSC-A) and increased Alexa Fluor 647-A fluorescence suggesting increased binding of antibody towards cleaved caspase-3. The population with reduced SSC-A and increased Alexa Fluor 647-A fluorescence was higher following exposure to 3-NF ($40%) than after 1-NP ($10%), corresponding nicely with classical apoptotic morphology as determined by Hoechst/PI staining (4, 5) . Time and concentration curves as well as appropriate controls without primary antibody were measured to validate results (data not shown).
LEI/L-DNaseII, AIF and EndoG
The death factors, LEI/L-DNaseII, AIF and EndoG, have all been implicated in caspase-independent PCDs. It was thus of interest to examine any possible role of these factors in 1-NP and 3-NF-induced cell death. After exposure, we stained the various death factors using specific antibodies; their subcellular localization was then examined by fluorescence microscopy. The studies as presented in Figure 2A suggest a higher degree of translocation of L-DNase II from the cytosol to the nucleus after exposure to 3-NF ($70%) than after 1-NP ($40%). Analysis of AIF and EndoG suggested some translocation from mitochondria to the nucleus after 3-NF exposures ($80 and $60%, respectively), less after 1-NP ($15 and $10%, respectively). The inhibitor of necroptosis, Nec-1, reduced the number of cells with these translocations to $20 (AIF) and 15% (EndoG), respectively, after 3-NF exposure ( Figure 2B and C). Little or no translocations were seen in the DMSOtreated controls. Furthermore, the quantifications indicated are most probably an underestimate as dead cells most often are detached from the dish. Nevertheless, additional studies are needed to verify these findings.
Lipid droplet formation
It is well known that liver toxic xenobiotics may alter lipid metabolism resulting in an accumulation of lipid droplets. Such changes (28, 29) have recently been suggested to be more directly involved in cell death processes (22) . Thus, we screened for any possible role of lipid metabolism in 1-NP-and 3-NF-induced cell death. Lipid droplet staining using the ORO technique revealed lipid droplet accumulation in 1-NP-as well as 3-NF-exposed cells ( Figure 3A and B) . These findings were verified by electron microscopic analyses ( Figure 3C ).
Lysosomal mediators and autophagy
We previously observed changes in the number and size of autophagic vesicles following 1-NP and 3-NF, and in addition, 3-NF clearly increased the number of lysosomes suggesting that lysosomal-autophagic systems could play a role in the Notably, a maximum of 10 lM Z-FA-FMK was recommended for inhibition in experimental set-ups according to the manufacturer; thus, 30 lM concentrations were added to ensure complete inhibition. The inhibitor of autophagy, 3-methyladenine, at a concentration of 1 mM did not have any effect on the induced cell death (data not shown), whereas 10 mM was toxic to the Hepa1c1c7 cells. Taken together, these findings do not further support the hypothesis that the lysosomal-autophagic system may have a major role in 1-NP-or 3-NF-induced cell death.
DNA damage and ROS formation 1-NP and 3-NF are considered to be genotoxic (1,30) ; thus, the extent and potential role of any induced DNA damage in Hepa1c1c7 was explored. Cells were exposed to 1-NP (10 or 30 lM) and 3-NF (3 or 6 lM) for 24 h and analysed by singlecell gel electrophoresis with or without fpg, an enzyme which converts 8-oxo-7,8-dihydro-2'-guanosine (8-oxodG) into DNA strand breaks. The data presented in Figure 5A show that both substances cause an increase in the level of single-strand DNA (ssDNA) breaks, with 3-NF being the most potent, from 0.3 to 17% tail DNA intensity (control versus 6 lM 3-NF). Interestingly, relative induced tail intensity following 1-NP was increased when adding fpg enzyme, suggesting oxidative DNA damage. No such significant change was observed with 3-NF. 1-NP also caused a marked increase in lipid peroxidation, while less effects were seen with 3-NF ( Figure 5B) . Furthermore, the antioxidant thiourea partially reduced the induced cell death ( Figure 5C ). These results indicate a role of ROS and oxidative damage in 1-NP-induced cell death.
DNA damage signalling
To examine possible differences in DNA damage response based on the differences in DNA damage, we measured the phosphorylation of ATM, CHK1, CHK2 and H2AX by flow cytometry using specific antibody coupled with secondary antibody with Alexa 488. Cells were exposed to either 1-NP (10 lM) or 3-NF (3 lM) for 24 h, staining DNA with PI to analyse cell cycle. The cell plots shown in Figure 6 showed that cells treated with antibody towards phosphorylated ATM and CHK2 had no marked increase in Alexa fluorescence following exposure to 1-NP or 3-NF. An activation of ATM-CHK2 pathway using the same antibodies was observed after exposure to 3-nitrobenzanthrone (data not shown). In contrast, an increased number of cells had more Alexa fluorescence after both 1-NP and 3-NF exposure when using antibody towards phosphorylated CHK1, suggesting activation of the ATR-CHK1 pathway. Similarly, the two compounds caused a marked fluorescence shift using antibody-detecting gamma-H2AX implying phosphorylation of H2AX. The various increases were apparently seen in all the cell cycle phases (G1/S/G2).
In a previous study, we have shown that both 1-NP and 3-NF induced a phosphorylation and translocation of p53 to the nucleus suggesting a role in the death process (4, 5) . In order to further examine a possible role of p53 in these death processes, we pre-incubated the cells with the p53 inhibitor, PFT-a. The results presented in Figure 7A and B show that addition of PFT-a almost completely inhibited the toxicity of both compounds, thus further substantiating this hypothesis.
Ionic imbalance
Ionic imbalance is implicated in most necrotic death (31) . Hepa1c1c7 cells exposed to 1-NP are characterized by 
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a dramatic increase in cellular vacuolization at an early stage with negligible plasma membrane damage as is typical for paraptotic cells. A role of BKCs in paraptosis based on inhibition with iberiotoxin (IBT) has been suggested (32) . Thus, we added IBT 1 h before 1-NP/3-NF in order to study any possible involvement of the BKCs. The data in Figure 8A show that IBT partially block 1-NP-induced cell death, even if no clear reduction in vacuolization was observed. In contrast, IBT did not have any effect on 3-NF toxicity (data not shown). We have previously reported that the increased vacuolization was due to an enlargement of mitochondria; here, we show electron microscopic pictures suggesting that the ER is also enlarged in 1-NP-exposed cells ( Figure 8B ). Changes in the cellular membranes are often correlated with/caused by changes in Ca 2þ homeostasis. Here, we find an increase in intracellular [Ca 2þ ] after exposure to 1-NP for 6 h ( Figure 8C ), whereas 3-NF did not show any significant increase in [Ca 2þ ] (8 and 24 h also tested). Furthermore, the calcium chelator, 1,2-bis(2-aminophenoxy)ethane-N,N,N#,N#-tetraacetic acid (BAPTA-AM), markedly reduced 1-NP-induced cell death, with no effect on 3-NF-induced cell death ( Figure 8D ). This further supports a role of Ca 2þ in the death signalling process elicited by 1-NP.
Discussion
In the present study, we directly compared the cell death induced by two rather similar nitro-PAHs, namely 1-NP and 3-NF in murine hepatoma Hepa1c1c7 cells. The results revealed both common as well as more chemical-specific cellular changes and suggest that parallel pathways are involved in the death processes induced by both compounds. The most striking and new finding was that both 1-NP and 3-NF caused DNA damage that triggered a CHK1-and p53-dependent pathway that seemed to be involved in the death processes. The studies confirmed and strengthen the notion that both compounds resulted in apoptotic cell death.
In addition 1-NP resulted in PCD with paraptotic characteristics, while 3-NF induced PCD with necroptotic features (4, 5) . Notably, 3-NF appears to result in more damage to the cellular plasma membrane than 1-NP at lower concentrations as judged by the increased uptake of trypan blue and leakage of LDH (Figures 1 and 4) . Similar findings were found when looking at uptake of PI (4, 5) . Flow cytometric analysis of exposed cells showed populations of cells with reduced side scatter (SSC) and increased Alexa fluorescence suggesting activation of caspase-3. This population was higher following exposure to 3-NF ($40% at 10 lM) than after 1-NP ($10% at 30 lM), corresponding nicely with cells exhibiting the classical apoptotic morphology determined after Hoechst/PI staining (4, 5) or TUNEL staining (preliminary data) and are in accordance with Western analysis of caspase-3 (4, 5) . The large population of 1-NP-exposed cells with no marked increased fluorescence towards active caspase-3 most probably represents paraptotic cells in addition to the viable ones. 3-NF-exposed cells with necroptotic appearance did not exhibit any marked activation of caspase-3 either. Furthermore, it is interesting to note that the 3-NF-induced population of apoptotic cells seemed to have a somewhat lower level of cleaved caspase-3 in the individual cells than that induced by 1-NP, which is in accordance with the observation that these apoptotic cells often had only partly condensed/fragmented nuclei (5).
It is well accepted that DNA damage via p53 phosphorylation and/or other initial sensors may activate various caspases leading to an activation of CAD causing DNA fragmentation typical of apoptotic cell death. Recently, p53 has also been shown to sensitize cells to caspase-independent death through regulation of the expression of other death factors including AIF (33) . The death factors AIF, EndoG and LEI/L-DNaseII may also upon direct toxic insults to mitochondria or more specific cellular signalling be translocated into the nucleus where they have been suggested to participate in the larger DNA fragmentation resulting in partial nuclear chromatin condensation (25, 26, 33) . Based on immunocytochemical staining, 3-NF seems to cause a translocation of these factors to the nuclei, suggesting that these 'endonucleases' may be involved in the induced cell death processes. In contrast, these changes were not so marked following 1-NP exposure. However, the role of these endonucleases is somewhat tentative; thus, these results should be further verified by other methods. However, 3-NF-induced changes were partly blocked by the Nec-1, supporting the notion that 3-NF induced necroptosis. Interestingly, Nec-1 has been suggested to inhibit the necroptosis through the specific inhibition of the RIP-signalling pathway by preventing its autophosphorylation (24) .
In a recent study, we reported that 3-NF induced apoptotic cell death as well as PI-positive cells with partial chromatin Fig. 6 . CHK1 and H2AX activation in 1-NP-and 3-NF-exposed cells. Representative flow cytometric micrographs of phosphorylated forms of ATM, CHK1, CHK2 and H2AX performed on cells exposed to either 10 lM 1-NP or 3 lM 3-NF for 24 h and analysed as described in Materials and methods. Alexa 488-A represents the relative amount of phosphorylated protein and PI-A represents the relative amount of DNA (G 1 , S and G 2 ).
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condensation (5) with similarities to that also previously named 'apoptosis-like' PCD (19) or necroptosis (18) . Interestingly, 1-NP also induced another cell death apparently requiring protein synthesis and thus classified as PCD. In contrast to 3-NF, most PI-positive 1-NP-induced cells were enlarged with diffused and uniformly stained nuclei, typical of necrotic cells (4) . Furthermore, the 1-NP-induced cell death was characterized by an early marked vacuolization observed long before the plasma membrane damage. Previously, cells undergoing PCD with similar morphological changes as those seen with 1-NP have been classified as necrotic-like PCD (19) or paraptotic (20) . Z-VAD-FMK did not inhibit either 1-NP-or 3-NF-induced non-apoptotic PCD (4, 5) , supporting the existence of alternative caspase-independent pathways. These findings do not, however, completely rule out early arrested apoptotic processes, which then shifts to more apoptotic-like or 'necrotic-like' type of PCDs. The finding that Nec-1 inhibits the 3-NF-induced 'necrotic' cell death is in accordance with necroptosis involving RIP-1, a type of cell death suggested to be a cellular back-up system when apoptosis is inhibited (18, 24) .
Homeostasis in lipid and cholesterol metabolism has been reported to be crucial in determining the fate of cells (22, 34) . Several xenobiotics are known to affect lipid metabolism either by direct interference with the action of phospholipase enzymes contained in the ER, lysosomes and plasma membrane (28) or intercalation into the phospholipid moiety of cytoplasmic membranes (29) . Modifications in the gene expression of proteins involved in lipid metabolism are also possible. When the catabolism of these altered phospholipids is inhibited, they tend to accumulate and are recognized by the cell as abnormal (35) . They are concentrated in autophagosomes or autophagic-like vesicles termed myelinosomes (36) . In this study, we show that both 1-NP-and 3-NF-exposed cells clearly exhibit intracellular accumulation of lipids which may be involved in the apoptotic cell death or cytotoxic signalling in general ( Figure 3) . We are currently exploring this possibility in another study (Podechard et al. unpublished data).
We previously reported that both 3-NF and 1-NP trigger autophagic activity (4, 5) . After exposure to 3-NF, we observed a large increase in the number of both lysosomes and myelinosomes (5), while 1-NP resulted in an increased size of autophagic vesicles (4). In our previous study, we found that 3-NF increased the level of the autophagic marker, LC3B, 
suggesting a possible role of lysosomes/autophagy in the death process (5). However, relevant lysosomal inhibitors had no effect on the induced cell death, suggesting that neither the lysosomal leakage nor the autophagy had any functional roles in the process. Thus, the autophagic process seems to be rather a parallel stress response and not the cause of cell death. This suggestion is in line with more recent views on autophagic cell death as such (37) and more specifically with regard to necroptosis (18) .
The reactive metabolites resulting from metabolic activation of 1-NP and 3-NF interact with cellular macromolecules such as DNA and may result in mutations and/or cell death (1, 30, 38) . In the present study, the intensity of DNA damage caused by the individual compounds correlated well with the observed cytotoxicity, suggesting that the DNA damage may also play a role in the induced cell death. 3-NF gave the highest score in ssDNA breaks and was found to be the most cytotoxic. Significant increased levels of oxidative DNA damage, as measured by 8-oxodG using the comet assay, were only observed with 1-NP-exposed cells. Furthermore, 1-NP induced more lipid peroxidation (3)and thiourea partially blocked the induced cell death, suggesting a role of oxidative damage and ROS/RNS in this death process. These findings are also in line with previous reports finding ROS to be a part of paraptotic cell death (32) . In contrast, ROS was of less importance in 3-NF-induced cell death. Others have reported that ROS levels may be elevated in necroptotic cells but have no apparent functional role in the process as such (39) .
Following DNA damage, activation of cell cycle checkpoints give time for DNA repair or trigger cell death pathways (11, 12) . The transcription factor, p53, plays a central role in these processes (11, 12, 40) . Extensive characterization of the signalling routes that connect DNA damage to p53 has identified a cascade of serine/threonine kinases including ATM, ATR, CHK1 and CHK2, which may phosphorylate p53 and lead to dissociation of the p53/MDM2 interaction (40, 41) . Phosphorylated p53 may act as a transcription factor or more directly trigger cell death processes. In previous works, we showed that both 1-NP and 3-NF induced p53 phosphorylation. Notably, the p53 pathway appeared to be prominent in both 1-NP-and 3-NF-induced cell deaths since its inhibitor, PFT-a, dramatically abrogated the apoptotic as well as paraptotic/necroptotic cell death ( Figure 7A and B) . However, PFT-a has been shown to alter the metabolism of benzo[a]-pyrene via cytochrome P450 family 1 enzymes (42) so care should be taken in the interpretation of these results, also regarding nitro-PAHs. In the present study, we focused more on the upstream signalling. We show that 1-NP and 3-NF exposure increased phosphorylation of CHK1 and H2AX, whereas no changes in ATM and CHK2 were observed. Interestingly, both pathways were activated after exposure to 3-nitrobenzanthrone (Landvik et al., manuscript submitted). The activation of CHK1 is in accordance with the observed DNA damage (ssDNA breaks/oxidative DNA damage), and this activation most probably explains the increased phosphorylation of p53 we have previously reported (4, 5) . The increased phosphorylation of H2AX is somewhat surprising, taking into consideration that it is regarded as a marker for double-stranded DNA (dsDNA) breaks. It is, however, possible that the observed DNA damage results in stalled DNA transcription/ replication which subsequently leads to dsDNA breaks, thereby increasing the number of cells with increased gamma-H2AX. Furthermore, a recent publication reported histone H2AX phosphorylation in response to changes in chromatin structure induced by altered osmolarity (43) . Thus, the possibility that the increased phosphorylation of H2AX is a result of dsDNA breaks/chromatin changes following the activation of EndoG and LEI/L-DNaseII should not be excluded.
At similar toxicity, 1-NP exhibited more damage to organelle membranes than 3-NF, as evident by the marked early increase in vacuolization due to damage to mitochondria, lysosomes (4) as well as ER, shown here as electron microscopic pictures ( Figure 8C ). In contrast, 3-NF did not show any apparent perturbations to these intracellular organelles besides the increased number of lysosomes/myelinosomes (5) . These intracellular membrane changes may reflect important parts of the death processes involved in 1-NPinduced cell death. The changes observed are very similar to those seen in paraptotic cells (32) . Previous studies have suggested Ca 2þ dysregulation as well as activation of BKCs to be part of mechanisms involved in paraptosis (32, 44) . Furthermore, BKCs are found in ER and mitochondria, and since these organelles also store Ca 2þ ions, a possible link between these processes are suggested (32, 44) . Here, we find no clear evidence for any role of BKC, as IBT did not change the 1-NP-induced vacuolization and only partly reduced the induced cell death. However, we observed an early increase in intracellular [Ca 2þ ] and the calcium chelator, BAPTA-AM, significantly reduced the induced cell death, suggesting a role of Ca 2þ in 1-NP-induced cell death. It is possible that DNA damage signalling pathways in parallel with disrupted ionic homeostasis participate in the process leading to 1-NP-induced cell death. In contrast, ionic imbalance did not seem to play any major functional role in 3-NF-induced cell death.
Taken together, although there are some similarities such as genotoxic signalling, plasma membrane damage and accumulation of intracellular lipid droplet accumulation in both 1-NP and 3-NF death pathways, the final outcomes are clearly different. AIF, EndoG, LEI/L-DNaseII and Nec-1-dependent signalling appear to be characteristic of 3-NF-induced cell death, whereas ionic imbalance and oxidative damage were typical features of 1-NP-induced cell death.
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